Metal-halide perovskite nanocrystals (NCs) are considered to be promising types of optoelectronic and photonic materials. The emission colors of the cesium lead halide perovskite (CsPbX 3 , X ¼ Cl, Br, I) NCs depend on the joint influence of the emission peaks of the host and its dopant ions. Herein, we report a phosphine-free strategy to synthesize Mn-doped CsPb(Cl/Br) 3 NCs to tune their optical properties in a wide color gamut. Colloidal Mn-doped CsPb(Cl/Br) 3 NCs were synthesized by injecting Cs-oleate solution into the MnCl 2 and PbBr 2 precursor solution. The as-prepared Mn-doped CsPb(Cl/Br) 3 NCs are highly crystalline and uniform sized nanocubes with two emission peaks, including the host emission around 450 nm and the Mn 2+ dopant emission around 600 nm, which are sensitive to the MnCl 2 -toPbBr 2 molar feed ratio and the reaction temperature. By varying the MnCl 2 -to-PbBr 2 molar feed ratio or the reaction temperature, the relative PL intensities of dual color emission can be manipulated, showing their ability in tunable color output.
Introduction
Solution-processed hybrid and inorganic lead halide perovskites have attracted much attention in the past several years due to their excellent emission properties, high photoluminescence quantum yields (PLQY), small exciton binding energy and balanced electron and hole mobility lifetime, [1] [2] [3] [4] [5] [6] [7] [8] which means that these materials have great potential in photophysical applications, including light emitting diodes, lasers and photodetectors. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] However, the hybrid lead halide perovskites are extremely sensitive to oxygen and moisture, [20] [21] [22] which greatly restricts their applications. Compared with the organicinorganic perovskite nanocrystals, the all-inorganic cesium lead halide (CsPbX 3 , X ¼ Cl, Br, I) nanocrystals are much more stable. In addition, due to the high photoluminescence quantum yields without any additional surface passivation and tunable optical properties throughout the entire visible spectrum, the CsPbX 3 perovskite nanocrystals have great potential in optoelectronic applications. 23, 24 Up to date, the synthetic protocols for colloidal perovskite NCs are focused on hot-injection, 25, 26 anion-exchange reactions, [27] [28] [29] [30] [31] room-temperature synthesis, 32 and ultrasonication. 33, 34 Kovalenko and his coworkers rst synthesized the all-inorganic CsPbX 3 perovskite NCs by injecting the prepared Cs-oleate into an octadecene solution containing PbX 2 (X ¼ Cl, Br, I) and ligands (oleic acid and oleylamine) at a temperature of 140-200 C. 25 Under this method, they prepared monodisperse CsPbX 3 nanocrystals with bright photoluminescence (PL) and narrow full width at half maximum (FWHM). Following their pioneering work, great processes have been made and a variety of shapes of CsPbX 3 NCs, such as cubes, 25, 35 nanowires 26,36-39 and nanoplatelets, are obtained. Furthermore, the PL spectra of the CsPbX 3 NCs can be tuned over nearly the entire visible spectral region by tuning the composition of the perovskite NCs through the anion-exchange reactions.
27,29
The introduction of transition metal ions in II-VI and III-V semiconductor NCs provides another method to adjust the optical, electronic and magnetic properties to afford the parent NCs with brand new functions. 3 NCs also conrms its feasibility. 44, 45 Despite the successes in the preparation of Mn-doped CsPbCl 3 NCs, detailed research into the synthesis of Mn-doped CsPb(Cl/Br) 3 NCs and tailoring of its optical properties is still rare.
In this paper, we report the phosphine-free colloidal synthesis of Mn-doped CsPb(Cl/Br) 3 NCs to tune their optical properties in a wide color gamut. The synthesis was performed by injecting Cs-oleate solution into the PbBr 2 and MnCl 2 precursor solution. The as-prepared Mn-doped CsPb(Cl/Br) 3 NCs are highly crystalline and uniform sized nanocubes with two emission peaks, including the host emission around 450 nm and the Mn 2+ dopant emission around 600 nm, which are both sensitive to the MnCl 2 -to-PbBr 2 molar feed ration or the reaction temperature. By changing the MnCl 2 -to-PbBr 2 molar feed ration or the reaction temperature, the relative PL intensities of dual color emission can be well manipulated and shows a wide color gamut, indicating their potential in light emitting devices. 3 NCs. In a typical synthesis, 10 mL of ODE, 1 mL of OAm, 1 mL of OA, 0.0734 g of PbBr 2 and 0.034 g of MnCl 2 were loaded into a 100 mL three-neck ask and dried under vacuum at 120 C for 30 min. Then, the temperature was raised to over 200 C for the complete solubilization of PbBr 2 and MnCl 2 salts. Aerwards, the temperature was lowed to 180 C and 0.8 mL of Cs-oleate solution (prepared as described above) was injected. The reaction mixture was cooled to room temperature immediately using a water bath. The NCs were isolated by centrifugation at 8000 rpm for 9 min and washed once with acetone. The obtained precipitated NCs were redispersed in cyclohexane for further use.
Experimental

Chemicals
Characterization
X-ray diffraction (XRD) patterns were measured using a BRUKER D8 ADVANCE X-ray diffractometer with a CuKa source. Transmission electron microscope (TEM) images were obtained on a JEOL-JEM 1200 TEM at an accelerating voltage of 100 kV.
Photoluminescence (PL) spectra were collected using an Edinburgh FLS 980 uorescence spectrophotometer.
High-resolution TEM (HRTEM) images were taken with a FEI Tecnai TEM at an accelerating voltage of 200 kV.
Ultraviolet and visible absorption (UV-vis) spectra were performed by a Shimadzu UV-2550 ultraviolet-visible spectrometer with an integrating sphere.
Inductive coupled plasma (ICP) were taken with a Thermal ICAP 6300 ICP spectrometer to determine the Mn/Pb elemental ratio.
The photoluminescence quantum yields (PLQY) of the nanocrystal samples were obtained by comparing the integrated PL intensities of the nanocrystals and the standard dye cyclohexane were 1.344 and 1.427, respectively. According to the following formula, PLQY could be obtained:
where Ff 2 is the PLQY of the standard dye, A is the absorption of the solution, F is the integrated emission intensity and h is the average refractive indices of the solution.
Results and discussion
The Mn-doped CsPb(Cl/Br) 3 NCs are prepared in colloidal solution by introducing MnCl 2 into PbBr 2 precursors. In a typical synthesis, MnCl 2 and PbBr 2 with the molar feed ratio of 1.35 are mixed in a mixture of OA, OAm and ODE under vacuum at 120 C to remove the water. Then it is vital important to raise the temperature over 200 C for the complete solubilization of the metal salts. Aerwards, the temperature is lowed to 180 C and Cs-oleate solution is rapidly injected into the precursor solution to get the Mn-doped CsPb(Cl/Br) 3 NCs. The nanostructures of the as-prepared Mn-doped CsPb(Cl/Br) 3 NCs were obtained with TEM. TEM image in Fig. 1a shows that the asprepared Mn-doped CsPb(Cl/Br) 3 NCs have a cubic morphology with a uniform average size of 11.5 nm. X-ray diffraction (XRD) was used to elucidate the phase structure of the Mn-doped CsPb(Cl/Br) 3 NCs. As shown in Fig. 1d , all of the diffraction peaks of Mn-doped CsPb(Cl/Br) 3 NCs moved slightly to lower angles compared to the undoped cubic CsPbCl 3 nanocrystals (space group Pm3m, PDF#73-0692). This could be attributed to the incorporation of Br À ions into CsPbCl 3 NCs, which leads to the expansion of the cell, so all the peaks move to lower angles. The XRD also shows that the as-prepared Mndoped CsPb(Cl/Br) 3 NCs could be ascribed to the same cubic phase with undoped CsPbCl 3 NCs, which means the doping process do not affect the cubic perovskite crystal structure as a result of the rigidity of its cationic framework. High-resolution TEM (HRTEM) image (Fig. 1b) reveals an interplanar spacing of 5.69Å for its (100) plane set, which is larger than the 5.6Å of CsPbCl 3 . This also conrms the host of the as-prepared Mndoped NC is CsPb(Cl/Br) 3 . The width of the XRD peaks and the HRTEM image reects the high crystalline nature of the Mndoped CsPb(Cl/Br) 3 NCs. The optical properties of the as-synthesized Mn-doped CsPb(Cl/Br) 3 NCs were studied by measuring ultraviolet and visible absorption (UV-vis) spectra and photoluminescence (PL) spectra of the material dispersed in cyclohexane (Fig. 1c) . The inset of Fig. 1a shows that the solution of Mn-doped CsPb(Cl/ Br) 3 NCs exhibits a deep pink color emission under a 365 nm UV-lamp. The absorption peak of the Mn-doped CsPb(Cl/Br) 3 NCs is around 424 nm. The PL spectra shows distinctive dual color emissions. The narrow band emission centered at 445 nm with FWHM 18 nm is assigned to the CsPb(Cl/Br) 3 could be served as an efficient acceptor of the energy from the excited CsPb(Cl/Br) 3 host. Although no evidence from microscopy that Mn 2+ ions is incorporated into the lattice of the nanocrystal, the PL spectrum sufficiently conrms the existence of Mn 2+ ions in the as-prepared CsPb(Cl/Br) 3 NCs.
The optical properties of the Mn-doped CsPb(Cl/Br) 3 NCs can be tailored by tuning the MnCl 2 -to-PbBr 2 molar feed ration. By xing the reaction temperature at 180 C, the PL spectrum of the Mn-doped CsPb(Cl/Br) 3 NCs with different MnCl 2 -to-PbBr 2 molar feed ratio (from 1.05 to 2.25) is shown in Fig. 3a . As mentioned above, there are two emissions of the Mn-doped CsPb(Cl/Br) 3 NCs, the emission of CsPb(Cl/Br) 3 host and Mn
2+
ions respectively. By increasing the MnCl 2 -to-PbBr 2 molar feed ratio, the narrow PL emission of the CsPb(Cl/Br) 3 host shows a blue shi from 457 to 422 nm, which is attribute to the increase of the Cl-to-Br molar ratio in the CsPb(Cl/Br) 3 host. The change of the Br-to-Cl molar ratio also leads to a slight blue shi of the UV-vis absorption (Fig. 3b) which result in the increase of the orange emission. And, with increasing PL intensity of Mn 2+ ions, the PLQYs of the Mndoped CsPb(Cl/Br) 3 NCs prepared with the 1.05 to 1.65 MnCl 2 -to-PbBr 2 molar feed ratio also increase from 14.3 to 38.2%. The PLQYs of the prepared NCs with 2.25 MnCl 2 -to-PbBr 2 molar feed ratio is slightly lowed to 37.1%, which is much attributed to the decrease of the host PLQY. The PLQYs of the Mn-doped CsPb(Cl/Br) 3 NCs prepared with different MnCl 2 -to-PbBr 2 molar feed ratio are summarized in Table 1 . The above results show that by tuning MnCl 2 -to-PbBr 2 molar feed ration in the precursor solution, we can precisely control the optical properties of the Mn-doped CsPb(Cl/Br) 3 NCs. Fig. 4 shows the XRD patterns of the Mn-doped CsPb(Cl/Br) 3 NCs with different MnCl 2 -to-PbBr 2 molar feed ratio (from 1.05 to 2.25). All the patterns of the Mn-doped NCs could be ascribed to the same cubic phase, which further proves that the Mndoped CsPb(Cl/Br) 3 NCs prepared at different MnCl 2 -to-PbBr 2 molar feed ratio retain their stable structure and possess the same crystalline structure of cubic CsPbCl 3 (PDF#73-0692). We can also observe that all of the diffraction peaks of the XRD patterns shi to higher angles with the increase of the MnCl 2 -toPbBr 2 molar feed ratio. Because, the combination of Cl À ions leads to the shrink of the cell and all the peaks move to higher angles. These results are similar with the anion exchange reactions using Pb-based halide precursors or oleylammonium halide precursors in the previous reports.
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The nanostructures of the as-prepared Mn-doped CsPb(Cl/ Br) 3 NCs were obtained with TEM. TEM images in Fig. 5 show that the samples prepared at different MnCl 2 -to-PbBr 2 molar feed ratio exhibit similar cubic morphology and slight size variation. With the increase of the MnCl 2 -to-PbBr 2 molar feed ratio from 1.05 to 2.25, the size of the as-prepared Mn-doped CsPb(Cl/Br) 3 NCs gradually decreases. The insets of the TEM To evaluate the Mn-doped CsPb(Cl/Br) 3 NCs performance on color luminescent emission with different MnCl 2 -to-PbBr 2 molar feed ratio, CIE (Commission Intermationale de I'Eclairage 1931 chromaticity) chromaticity coordinates were concluded and presented in Fig. 6 . The graph indicates that the color hue of the Mn-doped CsPb(Cl/Br) 3 NCs can be tuned precisely, which can be clearly seen from the corresponding PL images of the nanocrystal cyclohexane solution excited by 365 nm UV light (insets of Fig. 5a-h) .
Similar to the doping of Mn 2+ ions into CdSe or ZnSe NCs, the doping of Mn 2+ ions into CsPb(Cl/Br) 3 NCs is also a thermodynamics-controlled process. 48, 49 By xing the MnCl 2 -toPbBr 2 molar feed ratio at 1.35, the PL spectrum of the Mn-doped CsPb(Cl/Br) 3 NCs with different reaction temperature is shown in Fig. 7a . The PL spectrum of the Mn-doped CsPb(Cl/Br) 3 causes the absorption spectra blue shi to 426 nm at higher reaction temperature (Fig. 7b) , which is similar to that observed in Mn-doped CdSe NCs. 50 The Mn-doped CsPb(Cl/Br) 3 NCs prepared at different reaction temperatures retain their stable structure and possess the same crystalline structure of cubic CsPbCl 3 . As the Mn 2+ substitution ratio do not increase obvious, we can hardly see any shis of the diffraction peaks during this process. TEM images in Fig. 8 show that the Mn-doped CsPb(Cl/Br) 3 NCs prepared at different reaction temperature with the same molar feed ratio of 1.35 exhibit similar monodispersed cubic morphology and little size variation. This means that the reaction temperature does not inuence the basic growth process of the CsPb(Cl/Br) 3 host. The insets of the TEM images are the corresponding particle size distributution and PL images of the nanocrystal cyclohexane solution excited by 365 nm UV light.
To evaluate the inuence of the reaction temperature on color luminescent emission, CIE chromaticity coordinates were concluded and presented in Fig. 9 . The corresponding PL images of the nanocrystal cyclohexane solution excited by 365 nm UV light (insets of Fig. 8a-c) . Although the reaction temperature has an inuence on the optical properties of the Mn-doped CsPb(Cl/Br) 3 NCs, such an effect is less obvious than the MnCl 2 -to-PbBr 2 molar feed ratio inuences.
In conclusion, in this work, we report a phosphine-free strategy to synthesize Mn-doped CsPb(Cl/Br) 3 NCs to tune their optical properties in a wide color gamut. The as-prepared CsPb(Cl/Br) 3 NCs are highly crystalline and uniform sized nanocubes with two emission peaks, including the host emission around 450 nm and the Mn 2+ dopant emission around 600 nm, which are sensitive to the MnCl 2 -to-PbBr 2 molar feed ratio or the reaction temperature. By varying the MnCl 2 -to-PbBr 2 molar feed ratio or the reaction temperature, the relative PL intensities of dual color emission can be well manipulated to a wide color gamut, indicating their potential in light emitting devices.
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